This article discusses the propagating velocity of longitudinal pulse wave in polyethylene film varying according to stretching directions.
Introduction
There are papers by S. L. Aggarwal, [1 W. o. Statton, [2] R. S. Stein, [3] et al. reporting by X-ray application that film of crystalline polymer such r s polyethylene is easily oriented by stretching. I have, in a previous article, shown the propagating velocity of longitudinal pulse wave in polyethylene filament varying with cold stretching. [7] The present article is to show the propagating velocity of longitudinal pulse wave in polyethylene film varying with stretch ing directions.
Apparatus
There are several ways [4] , [5) , [6] to measure the propagating velocity of longitudinal pulse wave. A Vol. 13, No. 6 (1967) test apparatus used for measuring that of filament yarn [7] shall be used.
Propagating Velocity of Longitudinal Pulse Wave in Polyethylene
Film vs Stretching Direction of Film 21 Specimens Test specimens for polyehylene film of high pressure method, is prepared from agricultural polyethlene film. Assume the rolling direction to be an x direction, the width direction a y direction, and the normal direction of film a z direction.
Assume a tape cut along the rolling direction to be an x cut, and a tape cut along the width direction a y cut. i) y cut, nonstretched tapes are 1 mm wide, 1000 mm. long and 5 mm thick. 100
ii) Y-cut, y-stretched tapes are the ones, the thickness of which has been stretched from 5 to -Z 100 100
mm.
iii) Y-cut, x-stretched specimens are cut to 700 mm length, 1 mm width and 5 mm thickness. The 100 thickness is prepared by stretching a thickness of 5 100 mm into 3 mm to the x direction. 100
iv) The x-cut, nonstretched tapes are prepared by cutting to 1, 000 length, 1 mm width and 5 mm 100 thickness along the x direction.
v) The x-cut, x-stretched tapes are the ones, the thickness of which is prepared by stretching from 5 100 to 2' 5 mm along the x direction. 100
vi) The x-cut, y-stretched tapes are cut to 850 mm length, 1 mm width, and 2' S mm thickness. The 100 thickness is prepared by stretching 5 -1-into 2' 5 mm 100 along the y direction. A tape of polyethylene film of the low-pressure method used as a sample was made from a sack 300 mm long, 20 mm wide and Z mm thick. 100 i) Y-cut, nonstretched tapes are cut to the 1 mm wide, 800 mm length and 2 mm thickness along a 100 helical line ii) Y-cut, y-stretched tapes are made by stretching the material from 20 to 5 ,u thickness along the y-direction.
iii) Y-cut, x-stretched tapes are prepared by stretching from 20 to 5p in thickness along the xdirection. In thesee cases, stretching is given at temperaturs of 18 to 20°C.
The properties of these 9 specimens are given in Tables 1 and 2.  2-2 Test Results The propagating velocity of longitudinal pulse wave in polyethylene film cf the high-pressure method is shown, by using y-cut tapes as the specimen in Figure 1 . That of the nonstretched little veries with tension, that of the x-stretched is lower than the nonstretched but the velocity of the y-stretched is from 1, 000 to 3, 500 m/sec, depending upon the intensity of tension.
The propagating velocity in x-cut tapes is shown in Figure 2 . The nonstretched is low in velocity, about 850 to 950 m per sec. The x-stretched shows the velocity almost equal to the nonstretched but the velocity of the y-stretched increases to from 600 to 900 m/sec by tension. The propagating velocity of longitudinal pulse wave in polyethylene of the low-pressure method is shown in Figure 3 . The y-cut, x-stretched is about 200 m/sec lower in velocity than the nonstretched. The velocity of the y-stretched increases from 2,100 to 3, 300 m/sec by tension.
As clearly seen in Figs. 1, 2, and 3, the propagating velocity of longitudinal pulse wave of x-stretched tapes is lower than that of nonstretched tapes, but y-stretched tapes show higher velocity than nonstretched tapes and x-stretched tapes. In cold-drawing the specimens, y-cut tapes are cut off by a stretch ratio of 700 0o along the y-direction, but x-cut tapes are cut off by that of 300 % along the x-direction.
As mentioned above, the orientation of crystalline in polyethylene film differs from the x direction to y direction does the configuration of the amorphous parts.
It seems that in particular, the y-cut, ystretched tapes show the configuration of fibrous polymer. (8) 3. Orientation of Crystalline in Polyethylene Film
In Fig. 4 (a) , the X-ray diffraction diagram of nonstretched polyethylene film of the high-pressure method, the diffraction of (100) plane is of four partial circles, and that of (110) plane is of two partial circles. Hence, polyethylene film shows high orientation of crystals, Fig. 4 (b) shows no orientation of crystalline, and Fig. 4 (c) shows a little orientation along the x direction.
The X-ray diffraction pattern of nonstretched polyethylene film of the low-pressure method is shown in Fig. 5 . It is more highly oriented than that of the high-pressure method.
In Fig. 6 , the angle between the normal of film and the incident X-ray is cc, then the X-ray diffraction intensity distribution is measured with angles of 0, 10, 20, 30, 40 and 50.
The results are shown in Fig. 7 . 4 x-ray diffraction photographs of polyethylene film of high pressure method. (distance between sample and x-ray film= 60 mm) (a) x-ray is parallel to normal of polyethylene (30°C), (b) x-ray is parallel to rolling direction, (c) x-ray is parallel to width direction. The peak of diffraction of (200) plane lies on the y axis and a circumference of 00, and the peak of diffraction of (110) plane is situated on 27° and 30°. Fig. 9 shows the peak of orientation of crystalline obtained from diffraction points (90°, 0°) of (200) plane and (27°, 30°) of (110) plane.
Therefore, the a-axis polyethylene crystal is aligned to the y direction, and the direction of the b-axis is 39° 18', 52° 21', and 51° 45', and the direction of the c-axis is 52° 21', 80° 16' and 149° 13'.
Similarly, stereographic projection of polyethylene film of the low-pressure method in Fig. 11 results from Figs. 5 and 10 and the peak of crystalline is shown in Figure 12 . The orientation of crystalline of polyethylene of the low-pressure method slightly differs from that of high-pressure polyethylene.
The X-ray diffraction intensity distribution by stretching high-pressure polyethylene at 18 to 20°C is shown in Fig. 13 . Figs x-ray diffraction intensity crystalline in polyethylene method of (110) (200) film of low plane of pressure 13 (1) x-ray diffraction photographs of y-cut y-stretched tape of polyethylene film of high pressure method under stretch ratio of 5. (a) x-ray is parallel to normal of polyethylene film (10°C) (b) x-ray is parallel to width direction (13°C) (c) xray is parallel to rolling direction (13°C) Fig. 13 (2) X-ray diffraction photographs of x-cut x-stretched tapes of polyethylene film of high pressure method (d) X-ray is parallel to normal of polyethylene film under stretch ratio of 4 (10°C) (e) Xray is parallel to width direction under stretch ratio of 3.3 (20°C) (f) X-ray is palallel-to rolling direction under stretch ratio 3.3 (20°C) In Fig. 15 is shown the qualitative change in stretch ratio and orientation of crystalline for(11O)plane of polyethylene film of the high-pressure method. The X-ray diffraction intensity curve shows similar and sharp orientation of crystalline up to a stretch ratio of 260% but the X-ray diffraction intensity curve changes the form and the peak transfers to the y-axis with a stretch of ratio 300 to 700 %. The X-ray diffraction intensity of (200) plane is similar to that of (110) plane.
The X-ray diffraction intensity curves by stretching polyethylene film of the low-pressure method are shown in Fig. 16 .
The X-ray diffraction intensity curves are similar to those of high-pressure polyethylene film, though orientation changes with increase in stretch ratio.
The Binding
Force of Van der Waals and Propagating Velocity of Longitudinal Pulse Wave
4-1 The Potential Energy in Polyethylene Molecular
Chains From the spring factor [9] of the type -c-c-c in a polyethylene molecular chain, the propagating velocity of longitudinal pulse wave is about 12, 000 m/sec.
The propagating velocity of longitudinal pulse wave between (-CH2-) n and (-CH2-) m is calculated by Van der Waals's potential energy. Hence, the (-CH2-) molecules are of symmetric configuration, then the linear type (-C2H4-)m is available as a substitute for (-CH2-) n.
If the distance between (-C2H4 -) n molecules is R, Van der Waals's potential energy D (R) is calculated by the following formula : 2,~R SRI where SZ is the sum total of C2H4 of different molecules in crystals.
W. Brandt [10] employs n=12 in (1).
Generally, the n is 10--42.[111 2 ez K where K is compressibility, Vz is volume in unit cell, and ez is potential energy of C2H4 molecule in unit cell. [12] The Volume of unit cell of polyethylene crystal is by C. W. Bunn [13] Vz=7.42x4. 93x2. 
From (7) and (10) Fig. 19 . The diffraction in Fig. 19 (b) has a broad halo inside the diffraction of (110) plane. Fig. 20 (a) shows this halo measured with a dif f ractometer.
From Fig. 20  (a) , the distance of diffraction planes and diffraction 
Here the ka is considerably low. Therefore, propagating velocity of longitudinal pulse wave is given in the following formula : A, then the propagating velocity of longitudinal pulse wave is 1, 080 to 905 m/sec, and density of polyethylene is 0.84 to 0.83 g/cm3.
By Fig. 20 (b) , mean value R of R for probability density function f (R) of distance R of (C2H4) mmolecular chain is given
where integration is by graphical methods. The propagating velocity of logitudinal pulse wave is 870 m/ 0 sec under the mean value R =5.20 (A), resulting in being identical with the value of y-cut, x-stretching tapes in Fig. 1 . The X-ray diffraction of (C2H4)" molecular chain in amorphous parts of polyethylene of the high-pressure method is shown in Fig. 23 .
The high intensity of X-ray diffraction is seen in where S is the area of the unit cell, j is spring factor between (C2H4) n molecules and R is distance between (C2H4) n molecules.
Hence if we calculate Q by (11) [191 As mentioned above, if we assume that the distance between molecules of amorphous parts of polyethylene is 5.00 to 5.15 A, then the propagating velocity of longitudinal pulse wave is 760 to 1, 460 m/sec, density of amorphous parts is 0.794 to 0.888 g/cm3, and Young's modulus of amorphous parts is 3.4 to 0.69 x 101 ° dyn/cm2 (See Fig. 22) .
The type -C-C-C-chain in y-cut, x stretched tapes and x-cut, y-stretched tapes is parallel to the stretching direction, therefore, the longitudinal pulse wave is propagated perpendicularly to the -C-C-Cchain in (C2H4) ~.
From Figs. 1 and 2 , the propagating velocity of longitudinal pulse wave in y-cut, x-stretched tapes and x-cut, y-stretched tapes is 750 to 900 m/sec, and molecular distance in (-C2H4-) n obtained by Young's modulus Earn for R =5.20 A is 0.688 x 1010 (dyn /cm2), which is nearly equal to the Takayanagi's value, and with respect to the density of amorphous parts of polyethylene, the measurement value is quite identical The crystallinity number Kx of x-cut tape is 0.190, and crystallinity number under a stretch ratio of 300 % is 0.295, which is much lower than those of the other type tapes. What is more, x-cut tapes are very weak as compared with y-cut tapes.
Therefore, the configuration of (C2H4) n molecular chain in amorphous parts of the x-direction is considered to greatly differ from that of amorphous parts of y-direction.
Conclusion
(a) The propagating velocity of longitudinal pulse wave of x-cut tapes is low when nonstretched or stretched.
(b) The propagating velocity of longitudinal pulse wave of y cut tapes is low when nonstretched or xstretched, but the velocity of y-stretched tapes is high with about 3, 000 m/sec.
(c) From X-ray diffraction intensity, the crystalline of the polyethylene film of the high-pressure method is distributed in the neighborhood : a-axes (90°, 12°.25', and 77°. 35'), b-axes (39°.18', 97°.47', and 51°.46'), c-axes (50°. 21', 80°.16',149°.13'). The c-axes are of symmetric distribution for (yz) and (zx) planes.
(d) From X-ray diffraction intensity, the crystalline of the polyethylene film of the low-pressure method is distributed as in polyethylene film of the high-pressure method.
(e) The crystalline of polyethylene film is oriented to the stretching direction under high stretch ratio. propagating velocity v of longitudinal pulse wave, and Young's modulus E are calculable as follows : In the a direction, va=3420 m/sec and Ea=1.176 x 1011 (dyn/ cm2) .
In the b direction, vb =6280 m/sec and Eb = 3.995 x 1011 (dyn/cm2).
(h) From the x-ray diffraction intensity, the average distance R between the neighboring chain is calculated as under. 0 _ =5. 20 A (i) The distance between (C2H4) n molecular chains 0 is 5.20 A, then the propagating velocity of amorphous parts of polyethylene film is 870 m/sec.
(j) From the Van der Waal's potential energy and X-ray diffraction intensity, the propagating velocity of longitudinal pulse wave in crystalline of polyethylene film is calculable as follows : In the x direction, vx=4, 779 m/sec and in the y direction vy=2, 939 m/sec.
(k) The crystallinity number K is calculated as follows : In the x direction, K=0. 190 and in the y direction, K=0. 339 when nonstretched.
In the y direction, K=0. 777 under a high stretch ratio.
In conclusion, in polyethylene film, the configuration of (C2H4) n molecular chains in the x direction is very different from that of the y direction.
